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Abstract. We present an analysis of double-step magnetic
ﬁeld enhancement caused by interplanetary (IP) shock im-
pacts on the Earth’s magnetosphere. The structures were ob-
served by the GOES-8, 10, 11, and 12 spacecraft in the day-
side geostationary orbit, particularly during northward inter-
planetary magnetic ﬁeld (IMF) conditions. The double-step
structures, similar to what is observed in the ground horizon-
tal magnetic ﬁeld (H) component at low and mid latitudes,
were observed preferentially on the dayside. Structures ob-
served around 12–15 magnetic local time (MLT) displayed
the steepest initial enhancement step, followed by a magnetic
ﬁeld strength decrease before the second enhancement step.
At other dayside MLTs of the geostationary orbit, the initial
response was smoother, and no decrease was observed before
the second step. We suggest that thisMLT asymmetry in the
decrease of the total magnetic ﬁeld is caused by the pushing
of the plasmaspheric ions over the geostationary orbit due to
the magnetospheric compression.
Keywords. Interplanetary physics (interplanetary shocks)
– magnetospheric physics (plasma waves and instabilities;
solar–wind–magnetosphere interactions)
1 Introduction
The impact of a fast forward interplanetary (IP) shock leads
to signiﬁcant changes in the near-Earth space environment.
Abrupt changes in solar wind plasma and magnetic ﬁeld pa-
rameters at the IP shock result in signiﬁcant variations in the
magnetospheric magnetic ﬁelds and current systems, and in
the plasma convection patterns in the ionosphere and mag-
netosphere. In particular, the steep increase of the dynamic
pressure at the IP shock (Spreiter and Stahara, 1994; Grib
et al., 1979; Grib, 1982; Zhuang et al., 1981) compresses
the magnetosphere on a global scale. Such compressions are
manifested as positive increases of the ground horizontal
magnetic ﬁeld (H) component at low latitudes (SI: sudden
impulse) and increases in the magnetospheric ﬁelds in the
geostationary orbit (Andréeová et al., 2008).
The variations of the H component (Araki, 1994) depend
strongly on the latitude and local time (LT). In higher lati-
tudes during SIs, the H component usually consists of two
pulses with opposite polarities. Positive to negative (negative
to positive) H variation occurs at morning (afternoon) sta-
tions. In lower latitudes, the behavior of the H component
becomes more step-like. In the geostationary orbit, magnetic
ﬁeld increases have a double-step structure (Andréeová et al.,
2011). Samsonov et al. (2007) used the global BATS-R-US
MHD (magnetohydrodynamic) simulation to simulate the in-
teraction of an interplanetary shock with the Earth’s mag-
netosphere. The authors discussed the propagation of a fast
wave through the Earth’s magnetosphere and its reﬂection
from the inner boundary, such as the plasmapause. However,
it is currently not clear how the magnetic ﬁeld increases at
high latitudes and in the geostationary orbit are related, and,
in particular, how geostationary ﬁeld variations depend on
the magnetic local time (MLT) and shock properties.
The analysis of the magnetospheric response to IP shocks
is a complex issue. Before arriving at the magnetopause, the
IP shock interacts with the Earth’s bow shock and propa-
gates through the magnetosheath. This IP shock–bow shock
interaction may cause signiﬁcant modiﬁcation of the struc-
ture and orientation of the IP shock and even generation of
newdiscontinuitiesinthemagnetosheath(Prechetal.,2008).
Those structures cause variations of the magnetic ﬁeld and,
consequently, effects on the magnetopause (Fairﬁeld et al.,
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1990). The response is also expected to depend strongly on
the bow shock properties, in particular whether the region of
interest is behind quasi-parallel or perpendicular bow shock.
This property of the bow shock correlates with the inter-
planetary magnetic ﬁeld (IMF) cone angle. Both upstream
and downstream sides of the parallel foreshock are associ-
ated with signiﬁcant wave activity; for example, ultra-low
frequency (ULF) plasma waves. The ULF waves generated
by wave–particle interactions at the foreshock are Pc3 waves
and have relatively low amplitudes and a typical time period
of about ∼10–45s. The ULF waves may affect the overall
magnetic ﬁeld proﬁles and characteristics observed in the
magnetosheath, in the magnetosphere and on ground. Zhang
et al. (2010) showed that the ULF activity can also be excited
duetothesolarwinddynamicpressurepulsesimpactingwith
the Earth’s magnetosphere.
ULF waves that affect magnetospheric magnetic ﬁelds are
also generated within the magnetosphere. Continuous geo-
magnetic ULF waves with a period of about ∼0.2–10s are
called Pc 1–2 pulsations (Anderson et al., 1992b, a). Those
pulsationsaregeneratedbytheelectromagneticioncyclotron
(EMIC) instability near the magnetic equatorial plane. EMIC
waves are generated by temperature anisotropies (T⊥ > Tk)
of magnetospheric ions in the energy range of about 10–
100keV; i.e., typical to ring current and plasma sheet en-
ergies. Yue et al. (2010) showed dawn–dusk asymmetry of
theplasmatemperatureanisotropy,strongestaroundthenoon
sector.
In addition, the expansion of the plasmasphere to the geo-
stationary orbit may cause changes to magnetic ﬁelds in that
region and thus lead to obviousMLT asymmetries (Chappell,
1972). Elphic et al. (1996) have shown that, during high geo-
magnetic activity, the density of the plasmaspheric cold ions
peak around 14MLT in the geostationary orbit as a result of
the compression of the magnetosphere and increase of the
magnetospheric convection. Zhang et al. (2012) investigated
the magnetopause response to an IP shock using observations
from the THEMIS spacecraft. They observed the plasmas-
pheric bulge passage across the THEMIS spacecraft.
In this study, we investigate the double step structures
within the Earth’s magnetosphere in the geostationary orbit
observedbytheGOESspacecraft,aswellbyTHEMISonthe
ﬂanks of the dayside magnetosphere. The aim of this study
is to investigate theMLT dependence of double-step struc-
tures, and the role of the bow shock conﬁguration, IP shock
properties, plasmaspheric intrusion and EMIC waves in de-
termining the characteristics of double-steps. In addition, we
will compare the geostationary orbit observations to ground
observations. The paper is organized as follows: the data are
introduced in Sect. 2. Two cases are presented in Sect. 3. The
geostationary vs. low-latitude ionospheric observations and
statistical study results are shown in Sect. 4. The interpreta-
tion and summary are given in Sects. 5 and 6.
2 Data sources
IP shocks were selected from the ACE and Wind solar wind
data, requiring one of the GOES spacecraft to be located in
the dayside magnetosphere. We have used high-resolution
(0.512s) data from GOES 8, 10, 11, and 12. Our study cov-
ers two periods: 2001–2002 near solar cycle 23 maximum,
and 2007–2008, representing the extended solar minimum
between cycles 23 and 24. The total number of events is 24
and Table 1 summarizes the basic solar wind IP shock prop-
erties.
We have used simultaneous plasma and magnetic ﬁeld
data from Cluster (Balogh et al., 1997; Reme et al., 1997),
GOES (Singer et al., 1996), LANL (McComas et al., 1993),
THEMIS (McFadden et al., 2008; Angelopoulos, 2008),
Wind (Lepping et al., 1995; Ogilvie et al., 1995; Lin et al.,
1995), and ACE (Smith et al., 1998; McComas et al.,
1998). The spacecraft provided data in the solar wind and
in the magnetosphere. To analyze the shock response on the
ground, we have used SuperMAG (http://supermag.jhuapl.
edu/index.html) magnetometer observations at 1min res-
olutions and THEMIS ground magnetometer data (http://
THEMIS.igpp.ucla.edu/) at 0.5s resolutions.
3 Case study
In this section, we describe in detail the magnetospheric
response for two events that we selected from the set of
24 shocks listed in Table 1. During event no. 1, there was
very good spacecraft coverage in the dayside magnetosphere,
while event no. 2 demonstrated very clear double-step struc-
ture.
3.1 Event no. 1
The Wind spacecraft observed the IP shock on 19 Novem-
ber 2007 at 17:22UT with 20min lasting quasi-radial IMF
(IMF cone angle about 30 degrees) before the IP shock ar-
rival. The IP shock front consisted of a single steep in-
crease of all solar wind parameters: the magnetic ﬁeld, the
solar wind speed, the thermal speed, and the solar wind
plasma density. The source of the IP shock was a mag-
netic cloud with a north–south polarity. The magnetosonic
speed upstream from the IP shock was estimated to be about
56kms−1 and the IP shock normal was estimated to be us-
ing minimum variance analysis about (−0.95, 0.21, 0.22)
with the IP shock speed at about 454kms−1. The density
compressional ratio, ratio between the downstream and up-
stream values, of the IP shock was 1.9 and the magnetic com-
pressional ratio was 1.7, with northward IMF upstream and
downstream of the IP shock.
During quasi-radial IMF, the bow shock was quasi-parallel
near the nose of the Earth’s magnetosphere. Thus, a fore-
shock region was formed upstream of the bow shock, which
probably acted as the source of ULF waves. A wavelet
Ann. Geophys., 32, 1293–1302, 2014 www.ann-geophys.net/32/1293/2014/K. Andréeová et al.: Double-step responses 1295
Table 1. Table summarizes 24 events, time in UT observed by the ACE, Wind and GOES spacecraft, and the solar wind IP shock parameters
such as IP shock normal estimated from the minimum variance analysis (MVA), and from the magnetic coplanarity (MC) method, magne-
tosonic speed in kms−1 and shock speed in the solar wind frame in kms−1. The numbers written in bold are the cases which were shown in
the paper in more detail (Sects. 3.1, 3.2, Fig. 4).
Year Month Day ACE Wind GOES Normal vector vms vsh
(UT) (UT) (UT) [kms−1] [kms−1]
2001 2 12 20:45 21:31 21:30 −0.94, 0.33, 0.10 66 358
2001 10 8 12:21 13:05 13:10 −0.87, −0.45, −0.19 76 665
2001 10 11 16:20 16:50 17:00 −0.998, 0.04, 0.04 71 553
2001 11 19 17:35 18:15 18:15 −0.99, −0.04, 0.11 76 583
2001 11 30 17:28 18:15 18:20 −0.95, −0.31, −0.07 58 591
2001 12 30 19:32 20:05 20:05 −0.94, 0.08, −0.34 103 801
2002 4 17 10:21 11:01 11:00 −0.91, −0.27, −0.31 60 784
2002 4 19 20:50 21:43 20:50 −0.90, −0.35, −0.27 103 810
2002 7 17 15:26 15:55 16:05 −0.96, 0.29, −0.04 65 405
2002 7 19 14:50 15:15 15:10 −0.73, 0.69, −0.03 161 419
2002 7 25 12:59 13:29 13:40 −0.90, −0.36, −0.25 111 866
2002 7 29 12:40 13:15 13:20 −0.94, 0.17, −0.29 57 579
2002 11 9 16:48 17:24 17:50 –0.996, –0.02, –0.08 53 427
2002 11 9 17:54 18:27 18:49 –0.59, 0.18, –0.79 58 487
2007 9 20 09:05 09:26 10:10 −0.46, −0.53, 0.71 57 346
2007 9 27 10:52 10:52 11:50 −0.49, 0.74, −0.46 47 400
2007 10 25 10:36 10:43 11:35 −0.78, −0.63, −0.03 47 605
2007 11 12 21:25 21:28 22:20 –0.86, 0.07, 0.51 48 651
2007 11 19 17:15 17:22 18:10 –0.99, 0.16, 0.04 56 454
2007 12 17 02:04 01:53 02:54 −0.52, 0.36, −0.77 54 406
2008 4 30 14:58 15:02 15:56 −0.81, 0.58, 0.08 52 377
2008 5 28 01:27 01:18 02:25 −0.87, 0.44, −0.24 49 276
2008 8 8 22:52 23:24 23:44 −0.96, −0.27, 0.1 90 247
2008 11 24 22:48 22:29 23:50 −0.88, −0.44, −0.15 48 502
analysis (analysis not shown) of GOES 10, 11, and 12
(at 14.4, 9.3, and 13.3MLT) magnetic ﬁeld data (Fig. 1)
shows that ULF activity had already been observed in the
magnetosphere before the incoming IP shock response with
approximately a 30s period and relatively low amplitude
(∼1.5nT). However the ULF wave activity was not observed
by THEMIS D or E (data not shown), which were located on
the morning ﬂank of the dayside magnetosphere.
At 18:10UT, all spacecraft in the dayside magnetosphere
observedadouble-stepstructureexceptfortheClusterspace-
craft, located in the plasmasphere at that time. Measurements
of the total magnetic ﬁeld (Bt [nT]) and proton density (np
[cm−3]) from the Cluster-2 spacecraft are shown in the bot-
tom two panels of Fig. 1. The double-step increase of the
z component of the magnetic ﬁeld is related to the magne-
topause current enhancements caused by the magnetospheric
compression by the IP shock. The local asymmetric decrease
of the total magnetic ﬁeld was probably caused by the pres-
ence of plasmaspheric ions (see the last panel of Fig. 1)
with a peak around 13.5MLT. During the magnetic ﬁeld de-
pression, the LANL-94 spacecraft, located close to GOES-
10 (LANL-94 at 14.6MLT and GOES-10 at 14.4MLT), re-
vealed an increase of high-energy ions with the energies
typical to the plasmasphere (from a fewkeV to 200keV).
Also an analysis of the thermal anisotropy (see Fig. 2), de-
ﬁned as A = T⊥/Tk−1, shows an increase (T⊥ > Tk), related
to the EMIC waves.
3.2 Event no. 2
The Wind spacecraft observed the IP shock on 12 Novem-
ber 2007 at 21:28UT with an almost Parker spiral IMF (IMF
cone angle about 50 degrees). The IP shock front consisted
of a single steep increase of all solar wind parameters, as in
the ﬁrst case. The magnetic ﬁeld was mostly northward and
highly variable upstream the IP shock. The magnetosonic
speed upstream the IP shock was estimated to be about
48kms−1 and the IP shock normal using minimum variance
analysis (about −0.86,0.07,0.51) with the IP shock speed at
about 651kms−1. Compressional ratio was 1.4 and magnetic
compressional ratio was 2.0.
At 22:20UT, the GOES-11 spacecraft observed double-
step structure with a signiﬁcant steep enhancement of the
total magnetic ﬁeld followed by the total magnetic ﬁeld de-
creasebeforethesecondmagneticﬁeldenhancement,similar
to what was discussed by Andréeová (2009); see Fig. 3. The
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Figure 1. 19 November 2007: the ﬁrst and second panels show the
GOES-10, 11, and 12 (at 14.4, 9.3, and 13.3MLT) total magnetic
ﬁeld and z component of the magnetic ﬁeld Bt [nT] and Bz [nT]
in the GSM (Geocentric Solar Magnetospheric) coordinate system.
The third and fourth panels show LANL-1994 observation of the
velocity vx (the red line), vz (the green line) [kms−1] and the par-
tial density of high energy ions (0.13–45keVe−1) np [cm−3]. The
penultimate panel shows Cluster-2 total magnetic ﬁeld Bt [nT]. The
last panel shows Cluster-4 proton density np [cm−3]. The ﬁrst red
dashed line represents the time of the ﬁrst compression and the sec-
ond red dashed line depicts the time of the magnetic ﬁeld decrease,
as observed by GOES-10 and 12.
magnetic ﬁeld properties were similar to the previous event.
The decrease of the magnetic ﬁeld observed by the GOES-11
spacecraft occurred around 13.25MLT. The response proﬁle
is discussed in the following sections.
4 Low-latitude ground observation
Low and mid latitude (<60 degrees) ground measurements
from SuperMAG show certain similarities with the observa-
tions in the geostationary orbit (see Fig. 4). An incoming
compression was observed ∼30s after the GOES spacecraft
observed the magnetic ﬁeld intensiﬁcation around 13.5MLT
in the geostationary orbit. The strongest variations are high-
lighted by red ovals and red arrows pointing at theMLT in-
terval.
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Fig. 2. 19 November 2007: LANL-94 observations of the thermal
anisotropy A = T⊥/Tk-1. The red dashed line depict the time when
the GOES-10 observed the decrease in the total magnetic ﬁeld.
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Fig. 3. 12 November 2007: GOES-11 observations at 13.4 MLT:
the total magnetic ﬁeld Bt [nT] and z-component of the magnetic
ﬁeld Bz [nT] in the GSM coordinate system.
Figure 2. 19 November 2007: LANL-94 observations of the ther-
mal anisotropy A = T⊥/Tk−1. The red dashed line depicts the time
at which the GOES-10 observed the decrease in the total magnetic
ﬁeld.
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Fig. 3. 12 November 2007: GOES-11 observations at 13.4 MLT:
the total magnetic ﬁeld Bt [nT] and z-component of the magnetic
ﬁeld Bz [nT] in the GSM coordinate system.
Figure 3. 12 November 2007: GOES-11 observations at 13.4MLT:
the total magnetic ﬁeld Bt [nT] and z component of the magnetic
ﬁeld Bz [nT] in the GSM coordinate system.
The ground horizontal component (H) has a double-step
proﬁle (Event no. 1; see Fig. 5) in lower latitudes, with
a longer duration (∼3min) compared to the GOES space-
craft observation. The higher-latitude magnetometer at Inu-
vik (INUV) recorded a bipolar signature in the H compo-
nent. The H component at low and mid latitude reveals ﬂuc-
tuations with an average period of about ∼35s and relatively
low amplitude (∼1nT), similar to the GOES spacecraft ob-
servations. The amplitude of the decrease after the ﬁrst in-
crease was of the same order of magnitude (∼1nT). The
THEMIS ground measurements were limited on the location
around 8–10MLT, due to the missing data in the other loca-
tions.
However, the connection between the geostationary orbit
and the ground observations is not so clear in the case of
a stronger IP shock. When the solar wind magnetic ﬁeld
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Fig. 4. Low and mid latitude (< 60 degrees) ground observation of the time variation of the magnetic ﬁeld (in nT/min) from SuperMAG
data. The black stars denote MLT of the GOES spacecraft on the geostationary orbit. The upper left picture (a) represents event 1: November
19, 2007. The upper right picture (b) represents event 2: November 12, 2007. The lower two pictures (c, d) illustrate the event investigated in
our previous study (Andr´ eeov´ a, 2009): November 09, 2002 at 1750 UT and 1849 UT. Red ovals highlight the intensiﬁcation areas, whereas
red arrows show the time interval in MLT.
Figure 4. Low and mid latitude (<60 degrees) ground observation of the time variation of the magnetic ﬁeld (in nTmin−1) from SuperMAG
data. The black stars denoteMLT of the GOES spacecraft in the geostationary orbit. The upper left picture (a) represents event 1: 19 Novem-
ber 2007. The upper right picture (b) represents event 2: 12 November 2007. The lower two pictures (c, d) illustrate the event investigated in
our previous study (Andréeová, 2009): 9 November 2002 at 17:50 and 18:49UT. Red ovals highlight the intensiﬁcation areas, whereas red
arrows show the time interval inMLT.
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Fig. 5. Example of the observations from the low latitude ground-
based magnetometer, 19 November 2007: CCNV (Carson City,
geog. lat 39.2, geog. long 240.2, MLT 8.5), UKIA (Ukiah, geog. lat
45.1, geog. long 241.07, MLT 8.25), INUV (Inuvik, geog. lat 68.3,
geog. long 226.7, MLT 10.2, and GOES-11 spacecraft in MLT 9.3.)
Fig. 6. GOES spacecraft observations of the double-step struc-
ture in MLT coordinates. The red bold marks represent double-
step structure, the blue lighter marks represent observations with-
out a double-step structure, or even any compression. The different
marks represent particular GOES 8 (star), 10 (square, diamond), 11
(plus), and 12 (triangle) spacecraft.
0
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Figure 5. Example of the observations from the low-latitude
ground-based magnetometer, 19 November 2007: CCNV (Carson
City, geog. lat 39.2, geog. long 240.2,MLT 8.5), UKIA (Ukiah,
geog. lat 45.1, geog. long 241.07,MLT 8.25), INUV (Inuvik, geog.
lat 68.3, geog. long 226.7,MLT 10.2, and GOES-11 spacecraft
inMLT 9.3.)
compression was over 1.9 and the solar wind density com-
pression was over 2.0, the low and mid latitude time varia-
tions of the total magnetic ﬁeld were stronger over all MLTs.
SuperMAG data resolution is 1 minute, which is below the
resolution of the ﬁne structure observed in the geostationary
orbit.
5 Statistical analysis
The following analysis is based on 24 events (see Table 1)
of IP shocks and high time-resolution data from the GOES
spacecraft in the Earth’s magnetosphere, between years 2001
and 2002 during solar maximum, and between years 2007
and 2008 during the solar minimum.
The double-step structure observed in the Earth’s magne-
tosphere strongly depends on the location of the observation
in the dayside magnetosphere (see Fig. 6) and on the IMF di-
rection (see Fig. 7). During the quasi-radial IMF, nearly the
entire bow shock is quasi-parallel and ULF waves could be
launched into the magnetosphere, leading to the modiﬁcation
of the magnetospheric response to the IP shock impact.
The very steep initial enhancement of the total magnetic
ﬁeld in the GOES high-resolution data was followed by a
www.ann-geophys.net/32/1293/2014/ Ann. Geophys., 32, 1293–1302, 20141298 K. Andréeová et al.: Double-step responses
12 Andr´ eeov´ a et al.: Double-step responses
18:00 18:10 18:20
2.2075
2.208
2.2085
x 10
4
Themis−ground CCNV
H
 
[
n
T
]
18:00 18:10 18:20
1.844
1.8445
1.845
x 10
4
Themis−ground UKIA
H
 
[
n
T
]
18:00 18:10 18:20
9000
9050
9100
9150
Themis−ground INUV
H
 
[
n
T
]
18:00 18:10 18:20
120
130 GOES−11
B
t
 
[
n
T
]
Fig. 5. Example of the observations from the low latitude ground-
based magnetometer, 19 November 2007: CCNV (Carson City,
geog. lat 39.2, geog. long 240.2, MLT 8.5), UKIA (Ukiah, geog. lat
45.1, geog. long 241.07, MLT 8.25), INUV (Inuvik, geog. lat 68.3,
geog. long 226.7, MLT 10.2, and GOES-11 spacecraft in MLT 9.3.)
Fig. 6. GOES spacecraft observations of the double-step struc-
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out a double-step structure, or even any compression. The different
marks represent particular GOES 8 (star), 10 (square, diamond), 11
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Figure 6. GOES spacecraft observations of the double-step struc-
ture inMLT coordinates. The red bold marks represent double-step
structure, the blue lighter marks represent observations without a
double-step structure, or even any compression. The different marks
represent particular GOES 8 (star), 10 (square, diamond), 11 (plus),
and 12 (triangle) spacecraft.
decrease of the total magnetic ﬁeld, before the second en-
hancement of the total magnetic ﬁeld. This structure was ob-
served, on average, around 13.5MLT, from 12 to 15MLT.
In the dayside magnetosphere from 5 to 12MLT, the GOES
spacecraft also observed a certain level of the double-step
structureofthemagneticﬁeld,butwithoutanymagneticﬁeld
decrease between the enhancements. This behavior is very
similar to that which was observed in the lower latitudes in
the H component (Fig. 5). There were no double-step struc-
tures observed on the evening side from 15 to 18MLT. This
sector was covered by only three measurements. Figure 8
summarizes the expected proﬁles on the geostationary orbit,
highlighting the steepening of the double-step structure to-
wards the afternoon sector around 13.5MLT. There is a very
weak observation of the double-step structure between 5 to
8MLT, as also seen in Fig. 7. There are only three cases
positively identiﬁed as double-step structure between 15 to
18MLT. However, the two points are highly unclear after
17MLT.
During the quasi-radial IMF, the response in the magne-
tosphere was affected by the ULF waves with a 30s pe-
riod, leading to the smoothing of the initial magnetic ﬁeld
enhancement. The overall magnetospheric compression was
similar to the regular compression caused by the similar dy-
namic pressure and magnetic ﬁeld compression in the solar
wind.
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15 MLT, and 15-17 MLT.
Fig. 9. Sketch of the plasmaspheric bulge from the ﬁrst event on
November 19, 2007. The yellow and white dots denote the Cluster-
4 and 2 spacecraft located in the edge of the plasmasphere illus-
trated by the light blue circle. Red and blue dots represent GOES
10 and 12 locations within the plasmaspheric bulge illustrated with
the blue shaded area. The green dot represents GOES 11 spacecraft
located in the dayside geostationary orbit outside the plasmaspheric
bulge. The cyan dot shows LANL-94 location and the magenta dot
shows THEMIS-D location. The bow shock and magnetopause are
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Figure 7. GOES spacecraft observations of the total magnetic ﬁeld
jump for 24 events in our data set, organized according toMLT. The
mean level of the total magnetic ﬁeld before the IP shock response
(Bt in nT) has been subtracted. First panel shows the observations in
which the spacecraft were located between 6 to 12MLT, the central
panel between 12 and 15MLT, and the last panel between 15 to
18MLT. The scale of the x axis is 1 point=0.512s.
Analysis of the events that occurred around 13.5MLT, in
the central panel of Fig. 7, reveals a very short period of pul-
sations with an average period of about ∼2s after the ﬁrst
magnetic ﬁeld enhancement. Those pulsations (Anderson
et al., 1992a, b) in such locations are generated by the EMIC
instability close to the magnetic equatorial plane. The wave
amplitude is on the order of 2nT.
6 Interpretation
Our analyses of the GOES spacecraft observations show that
the IP shock interaction with the Earth’s magnetosphere re-
sults systematically in double-step magnetic ﬁeld proﬁles in
the dayside geostationary orbit. Previously, there have only
been case studies of double-step structures (e.g., Andréeová
et al., 2011) and it has not been clear which processes cause
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Figure 8. Sketch proﬁles of the total magnetic ﬁeld observed in the
geostationary orbit in four different sectors: 5–8, 8–12, 12–15, and
15–17MLT.
the double-step signature. In this paper, we reveal that the re-
sponse propagates in the dayside magnetosphere at the av-
erage speed of 300–500kms−1. The Alfvén speed in this
region is considerably higher, on the order of 1500kms−1
(estimated using THEMIS and LANL data), which implies
that the response does not propagate in the Earth’s magneto-
sphere as a compressional MHD wave. Chappell (1974) pre-
sentedvariationoftheplasmadensityintheEarth’smagneto-
sphereobservedbytheOgospacecraft.Thetypicaldensityof
the dayside magnetospheric plasma changes from the mag-
netopause up to the plasmapause, and in the geostationary
orbit reaches in the average 0.1cm−3. Laakso et al. (2002a,
b) presented the density proﬁles within the magnetosphere
recorded by the POLAR spacecraft. Samsonov et al. (2007)
discussed MHD simulations, similar to those compared in
the case study by Andréeová et al. (2011), where the density
proﬁles in the dayside magnetosphere were overestimated,
which was probably caused by the MHD approach. This al-
lows us to suggest, based on the previous studies of the IP
shock interaction with the bow shock (e.g., Šafránková et al.,
2007; Juusola et al., 2010), that the multi-step feature in the
geostationary magnetic ﬁeld as a response to IP shock impact
could be caused by the magnetopause oscillations.
Our study reveals that the local magnetic ﬁeld depression
observed by the GOES spacecraft peaks around 13.5MLT,
with a range from 12 to 15MLT. LANL-94 probably ob-
served the same ion population as the Cluster spacecraft in-
side the plasmasphere. We suggest that this MLT pattern
on the GOES spacecraft is caused by pushing the plasmas-
pheric material over the geostationary orbit due to the mag-
netospheric compression and by the penetration of the mag-
netospheric convection. While the total magnetic ﬁeld de-
creased after the ﬁrst initial steep enhancement, the LANL-
94 spacecraft observed increase of the energetic ion density.
The level of the energetic ions was comparable to that which
was observed by Cluster-4, located on the edge of the plas-
masphere. The location of the plasmaspheric bulge is also
in good agreement with the previous observation (Chappell
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Fig. 9. Sketch of the plasmaspheric bulge from the ﬁrst event on
November 19, 2007. The yellow and white dots denote the Cluster-
4 and 2 spacecraft located in the edge of the plasmasphere illus-
trated by the light blue circle. Red and blue dots represent GOES
10 and 12 locations within the plasmaspheric bulge illustrated with
the blue shaded area. The green dot represents GOES 11 spacecraft
located in the dayside geostationary orbit outside the plasmaspheric
bulge. The cyan dot shows LANL-94 location and the magenta dot
shows THEMIS-D location. The bow shock and magnetopause are
illustrated by the blue solid lines.
Figure 9. Sketch of the plasmaspheric bulge from the ﬁrst event on
19 November 2007. The yellow and white dots denote the Cluster-4
and 2 spacecraft located in the edge of the plasmasphere, illustrated
by the light blue circle. Red and blue dots represent GOES 10 and
12 locations within the plasmaspheric bulge, illustrated by the blue
shaded area. The green dot represents GOES 11 spacecraft located
in the dayside geostationary orbit outside the plasmaspheric bulge.
The cyan dot shows the LANL-94 location and the magenta dot
shows the THEMIS-D location. The bow shock and magnetopause
are illustrated by the blue solid lines.
et al., 1971) of the low-energy ion transition locations in the
outer region between 12–22MLT.
The majority of events in the present study occurred dur-
ing northward IMF, which led to a low magnetospheric ac-
tivity. As was discussed by Elphic et al. (1996), there are two
processes that determine how energetic ions from the plas-
masphere can appear locally in the geostationary orbit. The
ﬁrst process assumes already existing ions in the orbit re-
lated to a plasmaspheric bulge intrusion driven by an earlier
activity. For one of our case studies, we observed that after
the magnetosphere was compressed, and the magnetospheric
convection reversed (see the third panel in Fig. 1) and moved
inward, bending the plasmaspheric bulge over the location
of the GOES spacecraft in the 13.5MLT. The second process
assumes an initial quiet-time of almost circular plasmasphere
without any bulge, due to the enhanced magnetospheric con-
vection the plasmaspheric ions appeared in the geostationary
orbit. Because the second process is very slow on the order
of 6h, the more probable scenario turns out to be the already
existing plasmaspheric bulge. Even if the convection is very
weak, it is still an ongoing process in the Earth’s magneto-
sphere, causing the skewness of the plasmasphere.
Figure 9 illustrates the possible scenario discussed above.
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Observation of EMIC waves after the ﬁrst total mag-
netic ﬁeld enhancement between 12–15 in the geostationary
orbit conﬁrms the observation of the plasmaspheric bulge
(Fuselier et al., 2004). Analysis of a case study of the
19 November 2007 event revealed an increase of the thermal
anisotropy, while the total magnetic ﬁeld decreased.
Figure 4 represents the time variation of the total ground
magnetic ﬁeld at low and mid latitudes. Ground mag-
netic ﬁeld observations were supplemented by an already
published double IP shock event on 9 November 2002.
All ground magnetic ﬁeld variations occurred around 11–
16MLT, i.e., covering a wider MLT range when compared
to that which was observed in the geostationary orbit. Be-
cause the coverage of the spacecraft in the geostationary
orbit is limited maximally to two or three spacecraft, the
magnetosphere–ionosphere coupling allows us to predict
dayside geostationary observation and its asymmetry in the
IP shock response. The different strength of the response vis-
ible in Fig. 7 depends on the IP shock conditions in the solar
wind, e.g., plasma density compression ratio, magnetic ﬁeld
compression ratio, and solar wind speed.
Figure 7 displays different total magnetic ﬁeld proﬁles ac-
cording toMLT. The coloring highlights the IMF direction
upstream (before) the IP shock in the solar wind. The blue
color represents quasi-perpendicular direction of the IMF.
The green color illustrates an almost Parker spiral IMF (40–
50 degrees), and the red color shows quasi-radial IMF condi-
tions. The second panel shows observations from the GOES
spacecraft almost behind the nose of the magnetopause. In
the case of the radial IMF, most of the dayside magneto-
sphere is exposed to the inﬂuence of the foreshock. One of
the expected results is the observation of the ULF wave ac-
tivity in the dayside geostationary orbit (see Fig. 1). As the
result of the ULF activity in the dayside magnetosphere, the
IP shock response turns out to be smoothed and less steep
around 13.5MLT. The amplitude of the overall magnetic
compression seems to be unaffected.
We did not ﬁnd any dependence of the magnetospheric
compression or the location of the total magnetic ﬁeld de-
crease in the magnetosphere on the IMF direction upstream
from the IP shock in the solar wind (see Fig. 7). Table 1 sum-
marizes basic IP shock properties, such as the IP shock nor-
mal. Most of the IP shock had an almost parallel normal vec-
tor to the Sun–Earth line. Thus, with this data set, we cannot
conclude any effect of the IP shock inclination effect on the
Earth’s magnetosphere. Other solar wind statistical proper-
ties will be discussed in a following work.
7 Summary and conclusion
In this paper, we have studied the response of magneto-
spheric magnetic ﬁelds to IP shocks using a wide MLT cov-
erage of GOES spacecraft in the geostationary orbit. We
analyzed 24 IP shocks, summarized in Table 1, and presented
two of them in detail (19 and 12 November 2007).
The single abrupt change of all solar wind parameters and
magnetic ﬁelds observed in the solar wind has a different re-
sponse in different sectors of the dayside geostationary or-
bit, roughly sketched in Fig. 8. In the geostationary orbit, the
IP shock response showed in all dayside cases a double-step
proﬁle of the magnetic ﬁeld increase. Detailed geostation-
ary observations revealed a clear asymmetry in the response
proﬁles. The peak was strongest around 13.5MLT, and the
total magnetic ﬁeld double-step proﬁle revealed a magnetic
ﬁeld depression between the magnetic ﬁeld enhancements.
At other daysideMLT locations of the geostationary orbit,
the initial response was smoother and slower, and no de-
crease was observed before the second step.
Low- and mid-latitude ground magnetic ﬁeld observa-
tions were supplemented by the double IP shock event on
9 November 2002. The ground measurements revealed sim-
ilar magnetic variation over theMLT to that which was ob-
served in the geostationary orbit. Around 13.5MLT the time
derivatives of the magnetic ﬁeld depict the peak.
We suggest that the asymmetry of the double-step struc-
tures are caused by the expansion of plasmaspheric ions to
the geostationary orbit, caused by the magnetospheric com-
pression due to the IP shock impact, leading to the plasma-
spheric bulge bending over the spacecraft location around
13.5MLT. We have observed Pc 1–2 pulsations with a pe-
riod of about ∼2s, generated by the EMIC instability prob-
ably caused by the plasmaspheric bulge due to the thermal
anisotropy.
ULF Pc3 wave activity may modify the IP shock response
in the dayside magnetosphere, especially the steepness of the
ﬁrst magnetic ﬁeld enhancement. We assume that ULF wave
activity observed in the geostationary orbit resulted from the
ﬁeldlineresonance.CompressionalPc3pulsations,relatedto
the wave-particle interaction in the foreshock and IP shock,
are possible drivers.
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